Despite the advent of drug-eluting stents in Japan, bare metal stents or conventional balloon angioplasty are still indicated in some patients needing elective percutaneous coronary intervention (PCI) and in patients with acute coronary syndrome if these patients develop side effects while taking ticlopidine. In such patients, restenosis is a problem that is difficult to diagnose. To investigate the comparative diagnostic accuracy of the exercise-stress electrocardiogram (ECG) for detecting restenosis after PCI, we measured conventional ST-segment changes and QT dispersion during exercise-stress testing in 173 patients with elective PCI (63 AE 10 years old). Exercise-stress testing was performed 3 to 6 months after successful PCI, and restenosis was confirmed by follow-up coronary angiogram. There were 98 patients with a prior myocardial infarction (prior MI group) and 76 patients with no prior myocardial infarction (no MI group). Restenosis was found in 45 patients (46%) in the prior MI group and 26 patients (34%) in the no MI group. Conventional ST-segment depression (>1:0 mm, J 60 ms) indicating exercise-induced myocardial ischemia had a sensitivity of around 50% and a specificity of around 70% for diagnosing restenosis in both groups. In the prior MI group, QT dispersion was increased by exercise-stress testing in both patients with and without restenosis, whereas in the no MI group, QT dispersion increased only in patients with restenosis. With a cut-off value of >60 ms, QT dispersion had a sensitivity of 54% and a specificity of 68% for detecting restenosis in the no MI group; these values were comparable to those seen with conventional ST-segment changes. In conclusion, due to its low cost, exercise-stress ECG remains useful for diagnosing restenosis following PCI if the clinician understands its limited sensitivity and specificity. The presence of a prior MI must be considered when QT dispersion during exercise-stress testing is used for detecting restenosis. (J Arrhythmia 2006; 22: 209-215) 
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Introduction
Drug-eluting stents (DES) have dramatically reduced the in-stent restenosis rate from around 35% to less than 10%. 1) However, the percutaneous coronary intervention (PCI) rate is much higher in Japan than in other developed countries: 2) the ratio of PCI to coronary artery bypass surgery (CABG) is about five times higher in our country than that of the western countries. In addition, clopidogrel, which is an essential adjunctive therapy for DES, has not yet been approved in Japan. Instead, ticlopidine, which has more frequent side effects than clopidogrel and cannot be tolerated by some patients, is being used. Given these circumstances, conventional bare metal stents are still used in some patients in Japan, even though DES is the first-line PCI treatment. Thus, instent restenosis continues to be a problem in these patients.
The exercise-stress electrocardiogram (ECG) is a conventional modality that is used to diagnose coronary artery disease. ST-segment analysis and QT interval parameters have been extensively investigated for the diagnosis of restenosis. [3] [4] [5] [6] However, there has been no Japanese multi-center trial comparing exercise-stress ST-segment changes and QT dispersion.
The purpose of this multi-center study was to investigate the comparative diagnostic accuracy of conventional ST-segment changes and QT dispersion during exercise-stress testing for diagnosing restenosis following PCI.
Methods

Study population
Overall, 173 patients aged 31-81 years (mean, 63 AE 10 years; 123 men, 31 women) who were referred to 9 tertiary medical centers for elective PCI and who subsequently had a successful PCI were enrolled in this study. In order to identify patients with complete revascularization, mainly single-vessel angioplasty patients and a small number of multivessel angioplasty patients were included. The indication for a PCI was determined by an interventional cardiologist based on the presence of an angiographically adequate lesion accompanied by evidence of ischemia documented by either stress ECG or stress thallium-201 nuclear imaging. The indication for PCI of an infarct-related artery was determined based on evidence of viable myocardium obtained during screening examinations. All patients had significant coronary lesions with >70% diameter stenosis that were suitable for elective PCI. About 90% of the patients received stent implantation. Among them, MultiLink stent (MULTI-LINK PENTAÔ Stent system, Guidant Inc., Indianapolis, USA) was mainly used in this study population (>90%). In the patients with multi-vessel coronary disease, only patients whose revascularization was successful were enrolled in the present study. The study patients were divided into two groups depending on the presence of prior myocardial infarction (MI). There were 98 patients with a prior MI (prior MI group; mean age, 63 AE 10 years; 82 men, 16 women) and 76 patients with no prior MI (no MI group; mean age, 63 AE 9 years; 61 men, 15 women). Most of the patients with a prior MI had anginal symptoms and had been referred to a hospital where noninvasive stress testing was done. Coronary angiography and subsequent PCI were undertaken based on the stress test results. In patients with a prior MI, the diagnosis of MI was made in accordance with World Health Organization (WHO) criteria, 7) which include the occurrence of a clinical event, appropriate ECG findings, and confirmatory blood test results. Successful PCI, with or without stent implantation, was defined as a residual stenosis of <25%. Restenosis was defined as >50% stenosis at the lesion treated by PCI on the follow-up coronary angiogram performed 3 to 6 months after PCI. In the patients with multi-vessel disease and subsequent multiple PCI, the presence of restenosis [restenosis (+)] was so labeled if the restenosis was recognized in at least one vessel treated by PCI. The following conditions constituted patient exclusion criteria: (1) Patients who were taking medications that influence the QT interval, such as class I or III antiarrhythmic agents (though patients were included if their doses of beta-blocking agents, digoxin, calcium-channel blocking agents, or other antianginal agents were the same before and after PCI); (2) patients with abnormal ECG findings that precluded interpretation of their QT intervals, such as an absence of sinus rhythm, bundle-branch block, intra-ventricular conduction delays (QRS duration > 120 ms) or Wolff-Parkinson-White syndrome, and the findings of left ventricular hypertrophy; (3) patients who had experienced an acute MI within the previous 3 months and had undergone coronary revascularization procedures within 6 months prior to entry in the present study; (4) patients who had complications during the PCI, such as a nonfatal MI or recurrent ischemia needing repeated intervention or coronary artery bypass grafting.
Exercise testing
Exercise treadmill testing was performed for assessment of exercise-induced myocardial ischemia using the Bruce or modified Bruce protocol. Exercise was continued until the heart rate reached 85% of the estimated maximum age-predicted target heart rate for each patient. When patients could not tolerate exercise to the target heart rate, exercise was continued until exhaustion or until cardiac symptoms, such as precordial discomfort, dyspnea, or palpitations, occurred. Throughout the study, 12-lead ECGs were monitored continuously and recorded at one-minute intervals with standard exercise-stress ECG recording systems, including Marquette CASE 12 (Marquette Electronics, Inc., Milwaukee, WI, USA). ST-segment depression was measured 60 ms after the J point. A horizontal or downsloping STsegment depression of at least 1.0 mm was considered significant for exercise-induced ischemia. STsegment elevation in any leads with abnormal Q wave in patients with MI was not considered to indicate ischemia and was classified as a negative test for ischemia. Stress ECGs were interpreted visually by cardiology experts blinded to the clinical information and any clinical parameters, including QT parameter measurements. Exercise treadmill testing was performed between 3 to 6 months after PCI.
Measurement of QT dispersion
Standard 12-lead ECGs were recorded at a paper speed of 25 mm/s using the standard exercise-stress ECG recording systems previously described at rest, peak exercise, and 3-5 min after exercise. Since ECG recorded at peak exercise showed the difficulty of identifying the T wave endpoint because of the significant overlap of T wave end and P wave, ECG strips at rest and 3-5 min after exercise (post Ex) were used to measure QT dispersion as the parameters of control and exercise-induced ischemia. The measurements were obtained by a single investigator who was blinded to the clinical information and any clinical parameters, including exercise-stress ECG measurements. QT intervals were measured in sinus rhythm using the 12-lead ECG according to the previously reported method 8) and were manually obtained with hand-held calipers measuring from the QRS complex onset to the T wave endpoint, which is In this single measurements; QT maximum interval = 440 ms, QT minimum interval = 360 ms, QT dispersion = 8 ms. Three consecutive beats were measured and averaged for obtaining QT dispersion as shown in this figure. The measurements were obtained by a single investigator who was blinded to the clinical information and any clinical parameters, including exercise-stress ECG measurements.
Takase B Exercise-stress ECG and restenosis of PCI defined as the tangent method. 8) QT dispersion was calculated as the difference between the maximum and minimum intervals on each ECG. Three consecutive beats were measured and averaged for obtaining QT dispersion. When the QT interval from the leads could not be measured with certainty, this measurement was excluded from the analysis. ECGs were also excluded if the number of measurable leads was <6. The intra-observer variability in measuring QT dispersion was 6 AE 5 ms in this study. The typical method on how to measure QT dispersion is illustrated in Figure. 
Statistical analysis
Data are expressed as mean AE standard deviation. Student's t-test was used to compare values. Frequency distributions were compared using the chisquare test or Fisher's exact test. The accuracy test was based on the same methodology and criteria used in conventional exercise testing. 9) The sensitivity, specificity, and positive and negative predictive values were calculated. Differences were considered significant if p < 0:05.
Results
Restenosis was found in 45 patients (46%) in the prior MI group and 26 patients (34%) in the no MI group. The clinical characteristics of the study populations are shown in Table 1 . The prevalence of coronary risk factors and medications were not significantly different between two groups. About 50% to 60% of patients were current smokers, 50% to 70% were hypertensive, around 30% had diabetes mellitus, and around 60% had hyperlipidemia. More than 95% of patients had single vessel disease. The patients with restenosis in both the prior MI group and the no MI group showed significant STsegment depression compared with those who had no restenosis ( Table 2 ). There were no significant differences in heart rate and blood pressure between these groups at any time. In the prior MI group, exercise-stress testing significantly decreased the minimum QT intervals in patients both with and without restenosis, and subsequently, QT dispersion significantly increased on exercise-stress testing, as shown in Table 2 . In contrast, in the no MI group, exercise-stress testing significantly decreased minimum QT interval only in the patients with restenosis. Thus, in the no MI group, QT dispersion increased significantly only in the patients with restenosis. Maximum or minimum QT interval was not always detected in the same lead at resting ECG and at ECG obtained at 3-5 min after exercise.
When the sensitivity and specificity of exerciseinduced myocardial ischemia (ST-segment changes) and QT dispersion for detecting restenosis were calculated, the sensitivity was around 50% and the specificity was around 70% to 80%, as shown in Table 3 . To calculate the values for QT dispersion, the reported cut-off value of 60 ms was used, 10) which was close to the entire study population's median QT dispersion value of 58 ms obtained 3-5 min after exercise. Regarding the predictive value of QT dispersion at resting ECG, approximately one third of the patients in both the prior MI group and the no MI group showed QT dispersion value > 60 ms although the entire study population's median value of QT dispersion at resting ECG was 40 ms. As a result, the predictive value of QT dispersion at resting ECG for detecting restenosis were the sensitivity of <45% and the specificity of <50%.
Since these values were not high enough, these values were not considered to be diagnostic parameters in this study. In addition, the predictive values of QT dispersion at 3-5 min after exercise in the prior MI group were also the sensitivity of <45% and the specificity of <50%, even if QT dispersion significantly increased by exercise. These values were also not considered to be diagnostic parameters in this study.
If the combined diagnostic accuracy of ST-segment changes [Exercise ECG(+)] and QT dispersion was evaluated in the no MI group, slight improvement of sensitivity, specificity, positive and negative predictive values were observed as shown in Table 3 .
Discussion
Our results show that conventional ST-segment changes and QT dispersion during exercise-stress testing have comparable accuracy for diagnosing restenosis only in the no MI group patients, while in the prior MI group, only conventional ST-segment changes during exercise-stress testing were accurate for diagnosing restenosis.
Conventional ST-segment changes during exercise-stress testing had a sensitivity of around 50% and a specificity of about 70% for restenosis in both the prior MI group and the no MI group; these values are slightly less than those for diagnosing coronary artery disease. 9) In contrast to the ST-segment changes, only in the no MI group did the QT dispersion have similar diagnostic power to ST- segment changes for detecting restenosis. The difference between conventional ST-segment changes and QT dispersion is probably due to the fact that the necrotic scar might have a greater influence on the QT interval than on the ST-segment.
Our results on conventional ST-segment changes and QT dispersion agree with previous reports. The sensitivity and specificity that we calculated for the diagnosis of restenosis by conventional ST-segment changes during exercise-stress testing were similar to those of previous reports, 3, 4, 7, [11] [12] [13] [14] and are comparable to those for diagnosing coronary artery disease. However, when diagnosing a high-risk patient group, such as patients undergoing PCI, the sensitivity and specificity of conventional ST-segment changes have been reported to be higher; 15) therefore, the sensitivity and specificity values obtained in this study are not satisfactory. However, our study population had relatively mild coronary artery disease, as only 3% of patients had multi-vessel disease. Thus, the reason why the sensitivity and specificity were lower might be due to the lower likelihood of severe coronary artery disease in our study population. In addition, our data in Table 3 suggest that the combination of conventional ST-segment changes and QT dispersion could significantly improve the diagnostic accuracy for restenosis if this combined parameter is applied to the patients with more severe coronary artery disease.
QT dispersion showed a diagnostic accuracy similar to conventional ST-segment changes in the no MI group. Without confounding factors, such as necrotic scar tissue, ischemia itself activates the ATP-dependent K channel, which results in a shortened action potential. This is reported to lead to subsequent shortening of the QT interval. [16] [17] [18] Several clinical studies support this theory. 17, 18) In addition, ischemia-induced hypokinesis of left ventricular wall motion causes QT interval prolongation. 19) Thus, ischemia can significantly change the QT interval. The reason why the minimum QT interval decreased in prior MI patients without restenosis in this study ( Table 2) is not clear. Exercise-induced inhomogenous increase of myocardial wall tension might cause regional small ischemia which was strong enough to activate the ATP-dependent K channel but was too weak to make a significant ischemic change on ST-segments on ECG. On the other hand, the minimum QT intervals in patients with restenosis (in both prior MI group and no MI group) are thought to decrease due to activation of ATP-dependent K channel by exerciseinduced myocardial ischemia.
Study limitations: There are some limitations of this study. First, we did not take serial measurements of either the conventional ST-segment changes or QT dispersion. However, since one of the main goals of our study was to investigate the role of a single exercise-stress ECG on diagnosing PCI restenosis, serial comparison was not performed. There are already several studies that have dealt with the role of serial exercise-stress ECG testing for detecting restenosis. 3, 4, 19) Second, we did not analyze the data from the two PCI procedures (conventional balloon angioplasty and bare metal stent) separately. Even if the mechanisms of restenosis for both procedures are different, the pathophysiology of detecting restenosis by exercise-stress ECG testing is the same in that it is identifying exercise-induced ischemia. Thus, we did not need to distinguish between the two procedures. Third, in this multi-center study, we did not collect the information about left ventricular function such as left ventricular ejection fraction and MI size. In addition, we could not evaluate the diagnostic accuracy on the different coronary vessel territory such as left anterior descending artery, circumflex artery and right coronary artery. The influence of these factors on the diagnostic accuracy of QT dispersion should be evaluated in the further study. Lastly, in order to study a relatively pure population, we investigated the role of exercisestress ECG and QT dispersion in patients with primarily one-vessel coronary artery disease. Before the results of this study could be generalized to include all PCI patients, it should be replicated in patients with multi-vessel disease. Exercise-stress ECG testing is less expensive than other modalities, such as nuclear, magnetic resonance, or multi slice computer tomographic perfusion images. Thus, even though the sensitivity and specificity of conventional ST-segment changes during exercise-stress testing are slightly lower for detecting restenosis following PCI than for diagnosing coronary artery disease, exercise-stress ECG testing is still useful for diagnosing restenosis following PCI as long as the clinician understands its limited sensitivity and specificity. The presence of a prior MI must be considered when QT dispersion during exercise-stress testing is used for detecting restenosis.
